]. All the analogs were characterized by single-crystal X-ray diffraction, while the first two were additionally studied by calorimetric, dilatometric, dielectric and proton magnetic resonance methods. At room temperature (RT) 
Introduction
Ionic liquids based on various substituted imidazolium salts are characterized by low melting points, many of them are liquid at room temperature. Extensive studies of ionic liquids have revealed a great number of useful properties such as extremely low volatility, high thermal stability and high ionic conductivity. [1] [2] [3] [4] Therefore, the above-mentioned ionic liquids have found application in solar cells, electrochemical devices and ion transport systems. 5 Bulky plane organic cations like non-substituted imidazolium are widely used in numerous organic-inorganic hybrids. Such organic molecules play a role of simple dielectric rotator units which have been used to obtain new ferroelectric materials. The known representatives of this group of ferroic compounds are based on haloantimonates(III) and halobismuthates(III) with the R 5 M 2 X 11 chemical stoichiometry (where R = imidazolium cation (C 3 N 2 H 5 + ), M = Sb, Bi and X = Cl, Br). Three imidazolium ferroelectrics with this composition have already been synthesized and characterized. [6] [7] [8] The 'order-disorder' mechanism of ferroelectric transition in R 5 M 2 X 11 type compounds was assigned to the dynamics of imidazolium cations. Very recently, bis(imidazolium) L-tartrate, a hydrogen-bonded 'displacive' type ferroelectric material was discovered. 9 The simple (1 : 1) ionic complexes of imidazolium and tetrahedral anions were found to also exhibit ferroelectric properties at the room temperature phases; shows very interesting structural and dynamic properties. 12 The crystal structure of the RT phase is described by the polar, R3 space group and consists of a highly disordered imidazolium cations and discrete Br 2 anions. ImBr reveals a first order phase transition at 199/201 K (cooling-heating cycle) which leads to the monoclinic centrosymmetric space group P2 1 /m. The mechanism of the phase transition is mixed; related to the freezing of cation motions ('order-disorder' ('o-d') contribution) and to a significant rebuilding of the anionic substructure ('displacive' ('d')-type mechanism). 
Experimental section

Materials and instrument
Synthesis of the complexes. All compounds were obtained in the reaction between imidazole amine and iodic acid, however, both synthesis-reactions were carried out in different conditions (temperature and molar ratio) applied for each compound.
(1) crystals were prepared at ambient temperature by dissolving imidazole in the 20% HI solution. Single crystals were grown by slow evaporation from the solution. The crystalline product was twice recrystallized. Single transparent crystals were grown by slow evaporation from an aqueous solution and characterized by an elemental analysis: C: 18.37% (theor. 18.39%), N: 14.25% (theor. 14.29%), H 2.49% (theor. 2.57%).
(2) crystals were prepared by dissolving imidazole in the 20% HI solution. Subsequently, the mixture was stirred (at 320 K for about 30 min). After a few days, tiny minuscule transparent solids were formed by a slow evaporation from the colorless solution. Nevertheless, due to small amounts of obtained material (only X-ray diffraction measurements were undertaken) we were not able to make the physicochemical characterization of this material. We obtained successfully the 4,5-diiodoimidazolium iodide crystals only during the first crystallization. The following crystallization produced exclusively the (1) crystals.
(3) crystals were prepared at ambient temperature by dissolving imidazole in concentrated (57%) HI. Single crystals were grown by slow evaporation from the solution. The dark, navy blue, needle like crystals were characterized by an elemental analysis: C: 11.18% (theor. 11.16%), N: 8.55% (theor. 8.68%), H 1.59% (theor. 1.56%).
General details
All the solvents and starting materials for the synthesis were purchased commercially and were used as received.
DSC traces were obtained using a Perkin Elmer model 8500 differential scanning calorimeter calibrated using n-heptane and indium. Hermetically sealed Al pans with the polycrystalline material were prepared in a controlled-atmosphere N 2 glovebox. The measurements were performed between 100 and 470 K. The thermal hysteresis was estimated from the scans performed at various rates (20, 10 The complex electric permittivity, e* = e9 2 ie99 was measured between 100 and 290 K by the Agilent E4980A Precision LCR Meter in the frequency range between 135 Hz and 2 MHz. The overall error was less than 5%. The single crystal samples had dimensions ca. 2 6 2 6 0.5 mm 3 . Silver electrodes were printed on opposite faces. The dielectric measurements were carried in a controlled atmosphere (N 2 ). Single crystal X-ray diffraction crystallographic data were collected on a KM4 diffractometer with CCD detector and graphite-monochromated Mo Ka radiation (l = 0.71073 Å). Low temperature was maintained using an open flow unit (Oxford Cryosystem). The CrysAlis software version 1.171.32 was used for data processing. 13 An empirical absorption correction was applied using spherical harmonics implemented in SCALE3 ABSPACK scaling algorithm. The structure was solved by direct methods and refined against F 2 by means of SHELX-97 program package. 14 All non-hydrogen atoms were refined anisotropically. H atoms were included in geometric positions and treated as riding atoms. The U iso (H) were constrained to be xU eq (carrier atom), where x = 1.2. Structural phase transitions observed with temperature lowering led to twinning of the (1) and (3) crystals. In (3) symmetry changed from orthorhombic to monoclinic which resulted in crystal twinning with two dominating domains, with partially overlapped diffraction peaks. Refinement of the structure was performed using the data from both domains and HKLF 5 instruction.
In the case of (1) two structural transformations were encountered. During the cooling cycle the crystal symmetry changed from trigonal to triclinic (at 180 K) and with further cooling to a monoclinic one (113/123 K cooling-heating). Lowering of the crystal class led to non-merohedral twinning of the sample. Six triclinic crystal domains were encountered at 150 K from the splitting of diffraction peaks. Partial overlapping of the peaks together with weak intensities did not allow satisfactory indexing, thus the crystal structure of this intermediate phase has not been determined. Below 113 K the symmetry of (1) increased to monoclinic and the number of domains was reduced to three. The structure refinement was based on the diffraction intensities from one dominating crystal domain, indexing 60% of the measured diffraction peaks. All peaks were completely separated. Table 1 contains crystal data and structure refinement results of measured crystals.
Results and discussion
Thermal properties
The DSC runs of (1) (Fig. 1(a) ) revealed two PTs at 180/185 K and 113/123 K (cooling-heating) of the first order type. The PTs are reversible, however, the enthalpy effects differ on cooling and heating significantly. The entropy values were estimated to be ca. A complex sequence of PTs is also encountered in (3) ( Fig. 1(b) ). For the cooling cycle only one heat anomaly characteristic of the second order transition is revealed at ca. 204 K, whereas on heating two thermal anomalies are seen; at 136 K typical of the first order type and another one at higher temperature corresponding to the PT detected on cooling at 204 K. The presence of a lower temperature heat anomaly may suggest the possibility of existence of a metastable phase below 204 K.
The sequence of the PTs observed in the calorimetric measurements (DSC) for (1) and (3) is in a good agreement with the linear thermal expansion measurements. Both compounds are stable up to ca. 500 K, however, above this temperature a continuous decomposition takes place (see Fig.  S1 (a) and S1(b) in ESI3).
Structure discussion
The crystal structure of (1) (Phase I). Thermal motions dominate over possible directional bonding down to 180 K. Below this point, a drastic symmetry lowering occurs and the crystal structure transforms to triclinic in the first order phase transition. All cell parameters show discrete changes that are much pronounced for the angles and the b mono direction (Fig. S2, ESI 3 ). The transition from Phase I to II is accompanied by a crystal expansion in the b mono direction by about 2.3% and a slight contraction of a mono and c mono axes; the most pronounced changes are observed for all unit cell angles that deviate greatly from 90u indicating a triclinic symmetry of Phase II. The lack of any anomalies of pyroelectric current in the vicinity of the 180 K temperature points to the centrosym- The crystal structure of (2). The crystal structure of (2) is built of planes in which moieties are held together by I … I halogen and N-H … I hydrogen bonds (see Fig. 4 ).
The distance between the planes is equal to 3.618(1) Å. In the plane, each diiodoimidazolium is involved in two hydrogen and two halogen bonds. I 2 acts as an acceptor in these four interactions. Both bonds are considerably strong although the geometrical parameters indicate that halogen bonds predominate hydrogen interactions. The I-I distance of 3.5410(1) Å is significantly shorter then the sum of the van der Waals radii (4.12 Å), and the angle h 1 that is equal to 177.6u gives almost a linear configuration. The I … N distance is equal to 3.505(5) Å in N(1)-H(1) … I(1) bond and donor-to-acceptor angle equals 170(7)u. The basic hydrogen and halogen bonded pattern is a ten membered ring. The asymmetric unit contains half of the diiodoimidazolium counter ion, laying on a m lattice plane and being intersected by a m mirror plane and 2 axis, and one I 2 anion adopting mm2 symmetry site. The exceptional feature of this simple salt is the layered crystal structure that has not been observed in other dihalogenoimidazolium salts and its derivatives. It is formed probably as a consequence of halogen-halogen interactions. These interactions are important packing forces in brominated hydroxyimidazoles. 15 The crystal structure of (3). The anionic substructure of (3) comprises a rare and exotic [I 4 22 ] tetraiodide dianion that may be treated as a charge-transfer complex of two donating iodide anions and an accepting iodine molecule. 16 Electrostatic repulsion between the two iodide anions bound to a central diiodine moiety implies low stability of the anion. Although [I 4 22 ] species has been observed in some complexes (see Table 3 ) the (3) is a rare example of a crystal in which very weak hydrogen bond interactions stabilize the anionic substructure and lead to the phase transformation that change the symmetry of [I 4 22 ] dianion.
The room temperature structure is disordered. The asymmetric unit comprises one-half of [I 4 22 ] dianion, one imidazolium with occupancy 0.5 and two one-half imidazolium cations with occupancy 0.5, see bonding starts dominating over thermal motions that stands at the origin of a second-order phase transition. Due to this transformation the symmetry changes from orthorhombic Fddd to monoclinic C2/c (C2/c is a maximal non-isomorphic subgroup of Fddd). The phase transition is group-subgroup related, the crystal class changes from mmm to 2/m. According to the Aizu classification (3) belongs to the ferroelastic species mmmF2/m. 18 In both phases of (3) In Phase II imidazolium rings are not perpendicular to the iodide rods, they bend aside approx. 12u from the initial positions. H-bond interactions stabilize three different spatial orientations of imidazolium ions in the crystal structure. A basic hydrogen bonded pattern consists of two iodide rods interconnected via a counterion by two symmetrical N(6)-H(6) … I(1) bonds with a donor-to-acceptor distance of 3.52 Å and two imidazolium cations type B interacting via N(1)-H(1) … I(2) with terminal iodides with the distance of 3.61 Å. Imidazolium C does not interact by hydrogen bonds with the rods. Fig. 6 shows the structure of hydrogen bonds in Phase II.
To the best of our knowledge there are only twelve crystal structures containing discrete polyiodide [I 4 22 ] moieties. The Electrical properties of (1) and (3). Fig. 7 shows temperature dependence of the real part of the complex electric permittivity (e*) measured between 170 kHz and 2 MHz for a single-crystal sample of (1) Dielectric dispersion is not observed both in the high and low temperature phase. It means that the possible motion of the dipolar groups should be relatively fast in the disordered Phase I and II.
It is interesting to compare dynamic properties of closely related halogen analogs: ImBr (ref. 12) and (1), taking into account their sequence of PTs presented in Fig. 8 .
The common feature of the RT Phases I of both compounds is a high dynamic disorder of the imidazolium cations. The low temperature PTs are governed by a change in the motions of dipoles of imidazole rings. The completely freezing of these motions in the case of ImBr takes place exactly at 199 K, whereas in (1) a two-stage freezing was observed at 180 and 113 K. The total entropy transition effect (DS tr ) for (1) corresponds to a three-site model describing the cations disorder in Phase I. Compared compounds adopt different symmetries at the RT phase: ImBr has polar space group (R3) while (1) a centrosymmetric one (R3). In general, the electric response of both analogs in the vicinity of I A II PT reveals some similarities (e.g. the shape of e vs. T), however, in the case of ImBr the e max (T c ) is nearly three times larger than that in (1) . As for ImBr the polar character of the Phase I results from two contributions; permanent electric dipole of organic cations (DP9) and dipoles arising from mutual positions of the centre of gravity of the C 3 N 2 H 5 + cations and Br 2 anions along the c-axis (DP). In the case of (1) we deal only with the (DP9) contribution of the cations which justifies the lower e9 value over the Phase I. The temperature dependence of real (e9) and imaginary (e99) parts of the complex electric permittivity for (3) along the [2 3 1] direction (on heating) is presented in Fig. 9(a) and (b) , respectively. The expected PTs at 136 and 204 K are visible as a rapid increase in the e9 value. In the low temperature region over the Phases II and III one can observe a relaxation process which is characteristic of the glass-like phases, where the value of e99 max increases with the frequency of the measuring electric field.
The activation energy for the temperature region 110-140 K was found to be ca. 17 kJ mol 21 (see Fig. S4 and S5, ESI 3 ) .
Concluding, the dielectric relaxation process taking place below room temperature in (3) is due to a freezing and slowing down motion of dipolar units assigned to the imidazolium cations.
The molecular mechanism of PTs in (3) seems also to be complex and associated with an ordering of the cationic moieties and a significant deformation of the [I 4 22 ] dianions
Conclusion
The reaction between imidazole amine and hydroiodic acid in an aqueous solution results in simultaneous crystallization of three molecular-ionic compounds: (3) we have a rarely encountered polyiodide form [I 4 22 ] . The characteristic feature of compounds under investigation is the presence of N … H-I hydrogen bonds and I … I halogen interactions. As a result a two-dimensional (2D) framework structure of (2) and (3) complexes is generated, whereas in (1) a 1D structure, as I 2 -[C 3 N 2 H 5 + ]-I 2 chains, is observed. The structure of (2) appeared to be very rigid since the I 2 anion interacts with four atoms (via N-H … I and I … I). It is an exceptional feature because such a layered crystal structure is not observed in other dihalogenoimidazolium derivatives. Two complexes were found to undergo reversible PTs; (1) at ca. 180/185 K and 113/123 K (cooling-heating) and (3) at ca. 204 K and 136 K.
The X-ray, thermal, 1 H NMR and dielectric studies used to study the molecular mechanism of the PTs in (1) and (3) indicated a mixed molecular mechanism ('o-d' and 'd' contributions). It should be emphasized that (3) is the first example of an ionic salt among all of the known compounds (12) containing polyiodide anions, [I 4 22 ], which undergo structural PTs. The most unexpected in this case is the fact that the instability of the crystal structure of (3) at 204 K is governed by the distortion of an unstable, symmetric [I 4 22 ] species. The proton spin-lattice relaxation time (T1) measurements confirmed that a free in-plane reorientation of the imidazolium ring takes place over the high temperature phase of (1) and (3) whereas large-amplitude librations or small-angle reorientations of cations are permitted at low temperatures (Phases II and III).
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